We have examined the expression of the petunia (Petunia hybrida) glycine-rich protein-i (ptGRP1) gene product using an antibody raised against a synthetic peptide comprising amino acids 22 through 36 of the mature ptGRP1 protein. This antibody recognizes a single protein of 23 kilodaltons. Cell fractionation studies showed that, as predicted (CM Condit, RB Meagher [1986] Nature 323: 178-181), ptGRP1 is most likely localized in the cell wall. In addition, it was found that (extractable) ptGRPI is present in much higher abundance in unexpanded than in fully expanded tissue, with highest levels of accumulation in the bud. This same developmentally regulated pattem of protein expression was found in all varieties of petunia tested. In addition, tissue blots of petunia stem sections showed that ptGRPI is localized to within the vascular tissue (to at least the phloem or cambium) and to either the epidermal cells or to a layer of collenchyma cells directly below the epidermis. Localization of ptGRP1 antigen in these cell types is shown to occur at different times in the overall development of the plant and at different quantitative levels.
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The isolation and sequencing ofthe ptGRP 3 gene provided the first published indirect evidence that structural proteins other than extensin might be present in the cell walls of dicotyledonous plants (4) . At the time of the discovery of the ptGRPl gene, it was a novel idea that structural proteins other than extensin might be present in the higher plant cell wall and hinted at a previously unsuspected complexity in the organization of this structure. This idea is no longer novel. A glycine-rich protein has been isolated from strawberry fruits (12) and two GRP genes from French bean (fb) have been isolated and sequenced (8) , one of which, the fbGRP1.8 gene, has been shown by immunocytochemistry to code for a cell wall protein specific to protoxylem cells (9) . In addition a third class of cell wall structural proteins, the proline-rich proteins has been described (1, 14) . Genes from all three classes of cell wall proteins have been shown to be members of multigene families and, whenever studied, expression of these genes on either the mRNA and/ or protein product level has been shown to exhibit developmental and/or cell specificity. Immunocytochemistry studies of soybean seed coat extensin have shown that this protein is primarily localized in the walls of palisade epidermal cells and hourglass cells and was detected only during the maturation phase of growth of these cell types (3). In addition, fbGRPl .8 was localized in the walls of protoxylem cells and it has been suggested that the appearance of this protein is associated with lignin deposition in this cell type (9) . Further, a protein immunologically related to carrot p33 (a proline-rich protein) was localized solely to the apical hook of soybean seedlings (14) . At the mRNA level, the four members of the ptGRP family have been shown to exhibit distinctly different developmental and organ specific patterns of message accumulation (5) while the two described soybean proline-rich genes exhibit differing developmental patterns of mRNA accumulation (1) . These data indicate that individual genes of all three classes of cell wall proteins may have specific roles to play in the overall development of the plant.
In this paper, further support is given to this theory as we report that the expression of the ptGRPl gene product, like its message (5), appears to be developmentally regulated and shows a remarkable cell specificity, ptGRPI antigen being localized to, at least, either the vascular cambium or phloem and to either the epidermis or to a layer of cells directly beneath the epidermis. These data also indicates that it is unlikely that the ptGRPl and fbGRP1.8 genes are homologues because the two genes appear to be expressed in different cell types. After 60 min, the blots were washed as after the primary antibody reaction with the exception that the final wash was in TBS. Alkaline phosphatase color development was performed by placing the blots on a piece of parafilm and pipeting onto the blots a solution of 100 mm Tris-HCl pH 9.5, 100 mm NaCl, 5 mM MgC92, containing 0.33 ,ug/ml 5-bromo-4-chloro-3-indoyl phosphate, and 16.5 ,g/mL nitroblue tetrazolium.
MATERIALS AND METHODS

Tissue Blot Localization of ptGRP1
To localize ptGRPI, tissue blots (3) were performed on cross-sections of stems at sites approximately 2, 6, 10, 14, and 18 mm beneath the apical bud of a lateral stem. These stem sections (all from the same stem) were cut and lightly pressed for 30 s to a piece of cellulose nitrate which had been equilibrated in 0.5 M NaOH as this concentration of NaOH was found to solubilize ptGRP I in high amounts in an undegraded form (see "Results"). These blots were then neutralized by placing them on a sheet of Whatman 3MM paper saturated with TBS for 5 min x 3. Western analysis was then performed on these blots as indicated above. Blots were photographed on T Max, 400 ASA film (Kodak) using a Zeiss Photomicroscope 2.
Free-hand sections of petunia stems were photographed as above.
RESULTS
Specificity of anti-GRP1 IgG
To prepare an anti-ptGRP 1 antibody, rabbits were injected with a synthetic peptide comprising amino acids 22 through 36 of the mature ptGRPl protein coupled to KLH. IgG was isolated and the specificity of our anti-ptGRPl IgG was determined by western blot analysis of Mitchell petunia tissue which had been ground in Laemmli buffer. After electrophoresis and transfer to Immobilon Western analysis was performed using either preimmune IgG or anti-ptGRPl IgG. The results of this experiment (Fig. 1) Cell fractionation studies to determine the cellular location of the ptGRPl gene product were first performed according to Cassab et al. (2) . This procedure involves the grinding of leaves in a low salt buffer to extract soluble proteins, followed by low speed centrifugation and the extraction ofthe insoluble material with detergent to solubilize membrane proteins. The remaining insoluble material is then extracted with high salt. Proteins solubilized by this latter step are considered to originate in the cell wall. Using this procedure, we found that the 23 kD protein was not present in any fraction, including the salt insoluble pellet. Since the salt insoluble pellet was resuspended in Lamelli (10) buffer and heated at 100 'C for 3 min, conditions which we have shown ( Fig. 1) (Fig. 2B) shows that the 23 kD protein is solubilized by 0.5 M NaOH indicating that it is also not an intrinsic membrane protein. From these data we have therefore concluded that the 23 kD protein is most likely a cell wall protein.
Developmental Expression of ptGRP1
We had previously shown that the expression of the pt-GRP 1 gene appeared to be developmentally regulated, in that the steady state levels of ptGRP 1 message are higher in young tissue than in old (5). To determine whether the levels of ptGRP1 also exhibited this same type of developmental expression, total protein extracts were made from the apical bud and first apical leaf (Fig. 3, lane 1 ) from six separate stems (bud + leaf number 1) and also from each of the next six leaves (leaves numbers 2 to 7, numbering from the apex) from one of these stems (Fig. 3, lanes 2 thru 7) and Western analysis was performed. (The weights of leaves 2 thru 7 were as follows: 0.07 g, 0.11 g, 0.16 g, 0.18 g, 0.22 g, 0.21 g. Thus only leaves 6 and 7 were fully expanded.) As can be seen in Figure 3 , the highest amounts of ptGRPl protein are present in extracts of the bud plus the first apical most leaf (Fig. 3,  lane 1) . Slightly lower amounts are present in the next lower leaf (Fig. 3, lane 2) , while still lower amounts are present in the third leaf beneath the bud (Fig. 3, lane 3 Although the developmental expression of this protein appeared to be the same in all four varieties, the extractable levels of this protein in each strain were not equivalent. In particular, the V23 strain contains much lower levels of ptGRPl than do the other three strains. As the steady-state level ofptGRP I RNA also appears to be depressed in the V23 variety, this low level of expression may be due to the fact that there is an -100 bp deletion located between -1300 and -379 of the 5' flanking region of this gene in the V23 strain (CM Condit, in preparation).
Localization of ptGRP1
To localize ptGRPl, tissue blots (3) were performed on cross-sections of stems at sites approximately 2, 6, 10, 14, and 18 mm beneath the apical bud of a lateral stem. Figure 5 shows the results of this experiment. In stem cross-sections Plant Physiol. Vol. 93, 1990 v23 located 2 mm beneath the bud (Fig. 5A) there is a great deal of soluble ptGRP1; however, higher quantities of antigen can be seen to be localized in the vascular tissue. Proceeding down the stem, there is a lower concentration of soluble antigen present. It is unclear whether this is due to a dilution of antigen caused by cell growth or to insolubilization or degradation of the antigen. However, in cross-sections located 6, 10, 14, and 18 mm beneath the bud (Fig. 5B, C, D , and E, respectively), antigen can be seen localized in discrete points within the vascular system, arguing that ptGRPl most likely has some type of cell specificity within this tissue. In addition, in sections 14 and 18 mm beneath the bud there is localization of ptGRPl to the epidermal cells or to a layer of cells directly below the epidermis. The quantity of antigen present in these latter cells never equals that present in the vascular tissue. There is also a generalized light staining of the cortex not present when blots are reacted with pre-immune serum (Fig.   5F ). Based on the pattern of staining in the vascular system seen in the tissue prints and on the particular anatomical characteristics of developing petunia stems, it is most likely that this protein is localized to cells of the phloem or cambium rather than, or in addition to those of the xylem. As can be seen in Figure 6 , the vascular system of petunia is arranged as a vascular cylinder surrounding the pith rather than as discrete vascular bundles. In addition, petunia contains both an internal and external phloem again arranged as cylinders. The xylem in this species is located between the internal and external phloem. As can be seen in a cross-section of a young developing petunia stem cut approximately 4 mm below the bud (Fig. 6) (1, 3, 8) . We theorize that this difference in lability between ptGRPl and all other cell wall proteins may be due to this protein's tertiary structure.
We had previously proposed that amino acids 42-357 of the mature ptGRPl protein were capable of forming an 8 stranded 13-pleated sheet (4) . This proposal was based on the fact that this region of the protein was 75% Gly with an addition 10% of the residues either Ala or Ser, allowing the sequence of this region to be written as (Gly-X)158, where X is generally Gly, Ala or Ser. This formula is similar to poly-L-glycine (Gly-Gly), and to fibroin (Gly-Ala)", two peptides capable of forming a ,3-pleated sheet. A space-filling model of portions of the ptGRPl protein showed that there was no steric hindrance to the formation of such a structure (4) . Further, in this proposed model, the first 41 hydrophilic amino-terminal amino acids of this protein would largely be projected away from the slightly hydrophobic body of the remainder of the molecule. In addition, being hydrophilic (it contains 13 of the 20 charged particles of the protein), this portion of the molecule would be incapable of interaction with the hydrophobic 13-pleated sheet region and thus would lie in an extremely exposed and unprotected position. This model would therefore predict that the hydrophilic portion of the protein would be extremely labile and susceptible to degradation by either exo-or endo-peptidases. Since the antibody we used in these experiments was raised against this portion ofthe molecule, it is possible that the tertiary structure of the protein could account for the lability we observed. Further, since only ptGRPl, of all described cell wall proteins (including fbGRPl.8), contains a short hydrophilic amino terminal region, this uniqueness in its primary and tertiary structures might account for its (as yet) unique lability.
In addition to its unique lability, ptGRPl also differs from all other sequenced cell wall proteins, in that it contains no tyrosine. This is particularly significant as the formation of intramolecular isodityrosine linkages are likely involved in the insolubilization of extensin (6, 13) and it has been proposed that these same type of linkages may be involved in the insolubilization of fbGRPl.8 (7.4% We have also shown that the expression of the ptGRP1 protein like other plant cell wall proteins appears to be under developmental control. Highest amounts of extractable pt-GRP1 are found in the bud with lesser amounts ofextractable antigen present as distance from the bud increases in both leaves (Fig. 3) and stems (Fig. 5 ). This pattern of protein accumulation parallels that previously found for the steady state levels ofptGRPI message (5) . In addition, we found that like soybean seed coat extensin and fbGRPl.8, ptGRPl is expressed only in a discrete subset of cell types, this latter protein being specific to the vascular tissue, with significant but low levels of the protein present in the epithelium (or in a layer of cells directly beneath the epidermis).
Although both ptGRPl and fbGRPl.8 protein are both present in the vascular tissue it is likely that they are not their species respective homologs. fbGRP 1.8 has been shown to be specific only to protoxylem cells (9) while we have shown in this report that the ptGRPl gene must be expressed within the vascular tissue in at least the cambium and/or the phloem. In addition, significant but low levels of ptGRPl were found to also be expressed in the epithelium or in a layer of cells directly beneath the epidermis. These results indicate that ptGRPl is produced in at least two different cell types, neither ofwhich is protoxylem. In addition to differing cell specifities, ptGRP 1 contains much lower levels of the polar amino acids serine, aspargine glutamine and threonine than does fb-GRP1.8. As mentioned above, ptGRPI unlike fbGRPI.8 contains no tyrosine and has an hydrophilic amino terminal sequence. In addition, fbGRPI.8 appears to be expressed in cell cultures while ptGRPl is not. These differences make it likely that these two genes are not homologs but are two different members of the same class of cell wall proteins.
From the data presented above, that different members of a single class of cell wall proteins have differing narrow cell specificites (9) , and from the fact that soybean seed coat extensin has been also show to exhibit a similar narrow cell specificity (3) , it is interesting to speculate that a similar type of specificity may be found for each gene family member of each class of cell wall protein. Although much further work is necessary to prove or disprove this theory, the data presented here and elsewhere indicate that the role that cell wall structural proteins play in the development and maturation of the cell wall is likely to be a highly specific and complex process.
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